The equilibrium unfolding of bovine trypsinogen was studied by circular dichroism, differential spectra and size exclusion HPLC. The change in free energy of denaturation was DG H 2 O = 6.99 ± 1.40 kcal/ mol for guanidine hydrochloride and DG H 2 O = 6.37 ± 0.57 kcal/mol for urea. Satisfactory fits of equilibrium unfolding transitions required a three-state model involving an intermediate in addition to the native and unfolded forms. Size exclusion HPLC allowed the detection of an intermediate population of trypsinogen whose Stokes radii varied from 24.1 ± 0.4 Å to 26.0 ± 0.3 Å for 1.5 M and 2.5 M guanidine hydrochloride, respectively. During urea denaturation, the range of Stokes radii varied from 23.9 ± 0.3 Å to 25.7 ± 0.6 Å for 4.0 M and 6.0 M urea, respectively. Maximal intrinsic fluorescence was observed at about 3.8 M urea with 8-aniline-1-naphthalene sulfonate (ANS) binding. These experimental data indicate that the unfolding of bovine trypsinogen is not a simple transition and suggest that the equilibrium intermediate population comprises one intermediate that may be characterized as a molten globule. To obtain further insight by studying intermediates representing different stages of unfolding, we hope to gain a better understanding of the complex interrelations between protein conformation and energetics.
Introduction
Protein folding was generally believed to be a highly cooperative two-state process in which only the native and completely unfolded states were significantly populated with no apparent intermediates. Of special interest in understanding the factors that determine the three-dimensional structure of globular proteins is the detection and identification of intermediates in folding reactions, since recent equilibrium and kinetic studies have shown the existence of stable intermediate conformational states for several proteins (1, 2) . One approach to this problem is the study of equilibrium denaturation of the proteins since it is not yet possible to predict the folded conformation of a protein from its sequence alone.
The intermediates that define a folding mechanism are likely to contain some regions with relatively well-defined conformation and other regions that are highly disordered. The partially folded intermediates have a wide distribution from a high ordered molten globule (MG) (close to the native state) to a pre-molten globule (close to the unfolded state), with solvent-accessible hydrophobic regions (3, 4) . By definition, a molten globule state would share a compact globular structure with the native conformation. Also, it would have an accessible hydrophobic core with increased fluctuations of side chains, a nearly native secondary structure and almost no tertiary structure. The MG state was first described for the proteins alactalbumin (5) and cytochrome c (6) . Investigation of a-lactalbumin revealed that under certain denaturing conditions a stable intermediate state was formed which could be distinguished from the native and unfolded state. This intermediate was demonstrable as non-coincident denaturation transition when monitored by near and far ultraviolet circular dichroism (UV CD). Later kinetic experiments demonstrated for several other proteins that denaturation can occur through another compact intermediate, named pre-molten globule (7, 8) . This state has a substantial amount of fluctuating secondary structure, is partly compact and has solvent-accessible non-polar clusters. This evidence suggests that the molten globule and other intermediates are obligatory in the folding pathway, although their exact significance in the mechanism of folding is still not understood (9) .
Trypsinogen is an interesting model for folding studies; it is structurally very similar to trypsin with the advantage of a very low proteolytic activity. Trypsinogen is a globular protein with 229-amino acid residues and six disulfide bridges. The structure has two similar domains with a predominance of ß strands and its activation domain (33 hydrophilic amino acids in the N-terminal sequence) is rather disordered compared to the active enzyme (10) . Bulaj and Otlewsky (11, 12) previously studied the denaturation of trypsinogen at pH 5.8 by both thermal and chemical procedures. The authors showed that the stability of trypsinogen is increased by calcium ion, by the dipeptide Ile-Val and by basic pancreatic trypsin inhibitor (BPTI) and proposed a two-state transition in equilibrium. The unfolding kinetics of trypsinogen was studied by Otlewski et al. (13) using a fluorescencedetected stopped-flow manifesting two independent phases. The fast phase is not a single-phase event under mildly denaturing conditions and in the slow phase the authors showed evidence of intermediates accumulating under strongly folding conditions. A similar kinetics was observed for the trypsinogen-Ca 2+ complex and limited data on trypsin unfolding show a virtually identical behavior (13) . More recently Ruan et al. (14) studied the effect of hydrostatic pressure on the unfolding of bovine trypsin. These authors showed a stable partly denatured state at 6.5 kbar having characteristics of a molten globule state.
In this present study we report the equilibrium denaturation of bovine trypsinogen in both guanidine hydrochloride (GdnHCl) and urea at pH 7.0 and compare the spectroscopic and hydrodynamic properties of the protein during the unfolding process. We demonstrate the presence of an intermediate equilibrium state which could be a molten globule and provide experimental evidence for other intermediates in the unfolding pathway.
Material and Methods

Reagents and buffers
The buffers used for the differential spectroscopy, near UV CD and size exclusion studies contained 100 mM 2-(4-morpholine) ethanesulfonic acid (MES), pH 7.0, 20 mM CaCl 2 and 81 mM NaNO 3 . Unfolding conditions were achieved by appropriate additions of 10 M ultrapure urea or 8 M GdnHCl previously purified in the same buffers. The concentration of GdnHCl and urea solutions was confirmed by refractive index measurement (15) . All proteins were from Sigma Chemical Co., St. Louis, MO, USA, and the other reagents were of analytical grade.
Purification of commercial bovine trypsinogen
The purification procedure was performed on an ion exchange column (DEAETrisacryl -1.0 x 30 cm), where 50 mg of the sample was loaded in the system and eluted with 10 mM Tris, pH 7.1, 2 mM CaCl 2 , 10 mM NaCl and 1 mM benzamidine at a flow rate of 9.6 ml/h. The effluent was monitored by absorption at 280 nm and tested for amidase activity according to the method of Ascenzi et al. (16) . Trypsinogen was recovered in the major protein peak with no amidase activity. The effluent was dialyzed in 1 mM HCl for 4 h at 4 o C and freeze-dried. The peak fraction was submitted to HPLC on a reverse phase analytical column (Novapak C-18 -3.9 x 20 cm -Waters-Millipore). The column was eluted with 1% TFA (v/v) in an acetonitrile gradient from 0 to 60% (v/v) at a flow rate of 60 ml/h. The same sample was submitted to SDS-polyacrylamide gel electrophoresis by the method of Laemmli (17) . The purified fraction presented a single band by SDS gel electrophoresis and a single peak by reverse phase-HPLC in a Novapack column. The N-terminal sequence of this fraction was Val-(Asp) 4 -Lys-Ile-Val (18), determined by the method described by Chang (19) .
Sample concentration
Sample concentrations in stock solutions were determined by UV measurements recorded with a HITACHI UV 160 A spectrophotometer using x = 33360 M -1 cm -1 as the molar absorbance coefficient at 280 nm (11) . The protein concentration in each sample was 1 mM for near-UV CD, differential spectroscopy (DS) and size exclusion (SE)-HPLC experiments, and 250 µM for far-UV analysis. To prevent autoactivation, 1 mol of a-1-antitrypsin was added to 100 mol of trypsinogen solutions (11) . All solutions were filtered through a 0.45-µm Millipore filter before the measurements.
Denaturation experiments
For the denaturation experiments, protein samples were incubated for 18 h at each GdnHCl or urea concentration in buffer prior to the spectroscopic measurements.
Differential spectroscopy
The GdnHCl and urea unfolding curves were obtained by measuring the difference in UV signal at 293 nm (DS), at 25 o C, with a HITACHI UV 160 A spectrophotometer with twin cells with a 0.45-cm path length. The protein concentration was 1 mM for all measurements. The instrument was calibrated with a potassium dichromate solution.
Circular dichroism
CD studies were done using a Jasco J20 spectropolarimeter. The tertiary structure was monitored in the near-UV region (250-350-nm wavelength range) using a cell with a 0.5-cm path length. Protein concentration was 1 mM. All measurements were made at 25 o C. The instrument was calibrated with dcamphor sulfonic acid using a molar ellipticity of 7800 degrees cm 2 dmol -1 at 290.5 nm. The buffer blanks were subtracted from each CD spectrum. Since it has been shown that CD spectra between 260 and approximately 180 nm can be analyzed for the different secondary structural types, i.e., alpha helix, parallel and antiparallel beta sheet, turn and others (20) , the secondary structure was monitored in the far-UV region. The data were collected with a Jobin-Yvon spectropolarimeter at 222 nm wavelength, using a cell of 0.1-cm path length, at 25 o C. Samples were prepared at a concentration of 250 µM in 20 mM phosphate buffer, pH 7.0, and incubated for 18 h before the measurements.
Stokes radius -SE-HPLC
Stokes radii (Rs) for the native, intermediate and denatured states were determined by size-exclusion HPLC. Protein concentration was 1 mM as determined spectrophotometrically. The determinations were carried out with a Shodex -Protein KW 803 apparatus with dimensions of 0.8 x 30 cm (Showa Denko & Shoko, Tokyo, Japan), connected to a Shimadzu HPLC system equipped with LC10-AD pumps, an SPD 10-A UV detector (set at 280 nm) and a CR4-A integrator. The column was calibrated with a-lactalbumin, carbonic anhydrase, egg albumin, bovine albumin and urease. Stokes radii were determined as described by Uversky (21).
1,8 ANS binding
An Aminco-Bowman spectrofluorometer was used for experiments involving the binding of 1,8 aniline-naphthalene sulfonate (ANS) to trypsinogen. Excitation was at 420 nm and relative emission intensity was monitored at 480 nm. The excitation and emission bandwidths were fixed at 2 nm each and a 1-cm path length quartz cuvette was used for all measurements. The samples were incubated for 15 min (22) . The spectrum of each sample was corrected by subtracting the buffer. Protein concentration was 500 µM for all assays.
Analysis of unfolding curves
The unfolding curves induced by guanidine hydrochloride or urea monitored by different techniques were normalized for the apparent fraction of unfolded protein (fU) versus denaturant concentration. fU was calculated from the data by the following equation:
where Y O is the observed value of the spectroscopic parameter at a given denaturant concentration and Y N and Y U are the values of the native and unfolded baselines at the same denaturant concentration. The linear fit was calculated by the methods of Pace (23) and Santoro and Bolen (24), which describe a two-state transition between the native and the unfolded states. The fit for three-state transition was calculated according to the equation described in Matthews and Crisanti (25):
where I is a partially unfolded form of the protein. Then:
where K app is the overall apparent equilibrium constant, and K 1 and K 2 are constants for each step. The Z parameter is the fractional change in the optical parameters in the transition from N to I and is defined by:
where Y I is the value of a given optical parameter for the intermediate species, I.
Statistical analysis
The statistical F test was applied according to the equation proposed by Izquierdo et al. (26) in order to discriminate between the fits of different degree, i.e., fits with different numbers of parameters: . The near-UV CD was monitored at 300 nm using a 0.5-cm path length cuvette. The spectroscopic measurements were made in a 0.5-cm path length tandem cell as described in the procedures. Protein concentration was 1 mM for each sample. The far-UV CD was monitored at 222 nm using a 0.1-cm path length cuvette. Protein concentration was 250 µM and temperature 25 o C. where Q 1 and Q 2 are the sum of squared residuals for models of two-state transition and three-state transition, respectively, p 1 and p 2 refer to the corresponding number of parameters, and n refers to the number of experimental data. A 95% confidence level was used for each F value determined in this way, allowing us to identify the minimum degree that fitted the data.
Results
Equilibrium unfolding of trypsinogen induced by GdnHCl Figure 1 and of trypsinogen at pH 7.0 and 25 o C using urea as denaturant. The fU was plotted as a function of urea concentration. The curve was monitored by the differential spectra at 293 nm (DS) and circular dichroism ([Q]) at 300 nm. The non-coincidence of the curves measured by different techniques demonstrates the existence of one or more intermediates in the unfolding process. The denaturation curves were fitted to a two-state model. Table  1 shows the results of this analysis. Figure 4 presents the urea-induced unfolding of trypsinogen at 25 o C. SE-HPLC was used to determine the dimensions of the conformers and the Stokes radii calculated for native and unfolded states were in agreement with those reported in the literature (22.4 Å for native trypsinogen and 29.2 Å for unfolded state) (27). The R S of the native state was 19.8 ± 0.2 Å and for the unfolded state was 28.1 ± 0.2 Å. The data for the unfolding of trypsinogen in urea are similar to that observed for guanidine denaturation, i.e., the occurrence of an intermediate peak at 2 M urea with an R S of 23.9 ± 0.3 Å. This fraction changed in position during denaturation at 3 M with a corresponding R S of 25.7 ± 0.6 Å. A third peak was identified at 5 M urea with an R S of 25.9 ± 0.4 Å. The denaturation of trypsinogen can be presented as two successive denaturation transitions, the first separating the compact and slightly more swollen protein molecules, and the second corresponding to a further unfolding of this intermediate up to the completely unfolded state.
Size exclusion chromatography in urea and Stokes radius calculation
ANS fluorescence on binding
Usually the hydrophobic core of globular proteins is well protected from solvents by the rigid packing of the side chain organized in the tertiary structure. This feature results in low affinity for hydrophobic probes such as ANS. The hydrophobic side chains in fully unfolded proteins that practically have no secondary structure and are not compact also do not bind ANS. The affinity of ANS for the protein increases when the rigidity of the tertiary structure of the protein is disrupted, while the secondary structure and compactness are retained. The highest affinity of ANS for these conformers identifies the molten globule state (3). Figure 5 shows a significant increase in the fluorescence of the ANS probe binding to trypsinogen at around 3.8 M urea, indicating that at this denaturant concentration there should be a swollen compact intermediate with solventexposed hydrophobic areas, i.e., a molten globule.
Discussion
The unfolding of trypsinogen induced by guanidine chloride, monitored in the tertiary structure, showed quite coincident data, suggesting a highly cooperative denaturation fitting a two-state model (no apparent intermediate) (Figure 1 ). On the other hand, following denaturation in the far-UV region, the transition showed less cooperativity and a quite complex behavior, fitting a three- and from difference spectroscopy signal at 293 nm (triangles). The near-UV CD was monitored at 300 nm using a 0.5-cm path length cuvette. The difference spectroscopic measurements were made in a 0.5-cm path length tandem cell as described in the procedures. Protein concentration was 1 mM for each sample and temperature 25 o C. The dashed line represents a two-state fit of the CD 300-nm data calculated according to Santoro and Bolen (24). The solid line represents the two-state fit of DS 293-nm data. The statistical analysis of the data is presented in Table 1 .
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second phase with loss of secondary structure reaching the completely unfolded state. Additionally, the exposure of new hydrogen bonding groups and of hydrophobic groups during the denaturation usually increases the amount of water bound to the protein molecule. This feature has been detected by SE-HPLC, which revealed a second population of intermediates (Figure 2) . The Stokes radius calculation showed an intermediate conformer with dimensions between those of the native and the unfolded forms of trypsinogen.
The urea unfolding of trypsinogen (Figure 3) showed non-coincidence transition in the near-UV circular dichroism and in difference spectral data. These results indicate the presence of an intermediate state of equilibrium and reflect the decrease of the near-UV CD data, in other words, the N ¬ ® I transition. The unfolding of trypsinogen followed by DS at 293 nm was fitted to a twostate model, but did not coincide with the CD transition. The denaturation curves, taken together, describe two different phases, the first one with loss of tertiary structure followed by the hydrophobic exposure of tryptophan residues, indicating intermediates in this pathway.
Furthermore, the intermediates detected by SE-HPLC showed Stokes radii varying from 24.1 Å to 26.0 Å in GdnHCl and from 23.9 Å to 25.9 Å in urea denaturation (Figures 2 and 4) . Based on these data, the minimum unfolding model for bovine trypsinogen compatible with our overall experimental data should be: N ¬ ® I ¬ ® U. Indeed, the intermediate population proved to be heterogeneous.
The possible existence of a molten globule in the presence of about 4 M urea was reinforced by the binding of the fluorophobic probe 1,8 ANS, as seen in Figure 5 . The binding of the fluorescent dye is considered to be an identification of the molten globule state based on the high affinity of this conformer to the probe. The affinity is due to the (22) . The present data suggest that the unfolding of trypsinogen follows a complex pathway with one or more intermediates. These results are in good agreement with the observation of an MG for pressure denatured trypsin (14) and for the kinetic intermediate in trypsinogen unfolding (11) . 
